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We present a model that provides a description of the microwave dielectric loss in oxides. The
dielectric loss ~tan d! in single crystal and polycrystalline MgO and Al2O3 is measured over the
temperature range 70–300 K. We are able to model the dielectric loss in terms of a two-phonon
difference model. There are two key parameters in this model: The third derivative, f3 , of the
lattice potential and the linewidth, g, of the thermal phonons. In polycrystalline samples, rather than
considering the different mechanisms of extrinsic loss, it is assumed that the main effect of extrinsic
factors is a modification of the linewidth of the thermal phonons. By varying g(T), it is shown that
the model can describe the loss in both single crystals and polycrystallines materials. In single
crystal and polycrystalline MgO, we use g as a fitting parameter. In single crystal and polycrystalline
Al2O3 , we obtain g(T) by Raman spectroscopy. The theory gives the right order of magnitude of
the measured loss. © 2004 American Institute of Physics. @DOI: 10.1063/1.1605810#I. INTRODUCTION
One of the most persistent problems in materials science
is that of dielectric loss. In 1897, Lord Rayleigh published a
paper on dielectric waveguides1 and, in 1909, Debye de-
scribed dielectric spheres.2 In 1939, Richtmyer3 made ex-
perimental measurements on dielectric resonators. With the
rapid growth in both terrestrial and satellite communications,
dielectric resonators play a key role in future systems. There
are three key properties that characterize dielectric resona-
tors. These are the relative permittivity which determines the
size of the resonator, the temperature coefficient of resonant
frequency which determines the frequency stability, and the
dielectric loss which determines the selectivity and perfor-
mance of the device. Predicting the dielectric loss in real
materials at microwave communications frequencies has
proven to be highly problematic. This article provides a
method for predicting the dielectric loss ~the tan d! in micro-
wave dielectric materials.
The dielectric loss was measured by Rubens and Hertz4
in 1912 and, ten years later, Ewald5 suggested that its origin
was the anharmonic interaction between the radiation and the
thermal lattice vibrations. When the electromagnetic field is
coupled with the lattice vibrations, a mutual perturbation re-
sults as in the coupling of any two oscillatory systems. At
microwave field frequencies, the coupling of the field with
the lattice vibrations is far from resonance. However, the
mutual perturbation is still noticeable in the fact that some
mechanical lattice vibrations acquire a small fraction of the
energy of the electromagnetic field. Then, due to the third-
and higher-order terms in the potential energy of the lattice
~which couple one vibrational mode with another!, this small
fraction of extra energy gradually diffuses into the rest of
modes in the lattice and ultimately appears as heat.
a!Electronic mail: alfordn@sbu.ac.uk2630021-8979/2004/95(5)/2639/7/$22.00
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vibrational modes is described in terms of phonon–phonon
interactions. Gurevich and Tagantsev6–8 reported the contri-
bution to the total loss from three- and four-phonon pro-
cesses!. By using the symmetry considerations described by
Herring,9–11 this theory is able to give a prediction for the
intrinsic losses in the different crystal classes. The different
crystal classes have different dispersion diagrams, and only
in those places where branches are sufficiently close, touch,
or intersect, is microwave absorption allowed due to energy
conservation rules. For the photon absorption to occur by
means of a three-phonon process, the energy gap between
phonon branches needs to be smaller than, or of the order of,
the energy of the field photons. However, because of the
finite lifetime of the phonons, the gap between phonon
branches is not well defined and cannot be determined with a
higher precision than h times the inverse of the thermal pho-
non lifetime. In the model by Sparks et al.12 such relaxation
of the energy conservation constraint due to the poor defini-
tion of the energy gap is introduced explicitly in terms of a
Lorentzian broadening of the branches. Losses are then cal-
culated in terms of two-phonon difference processes between
acoustic and optic branches and are expressed as a function
of the linewidth ~g! of the Lorentzian line shape. In this
article, we report loss measurements as a function of tem-
perature in single crystal and polycrystalline MgO and
Al2O3 . These experimental data are then interpreted in terms
of the Sparks et al.12 formulas, where the linewidth g of the
phonons at the zone boundary, which is temperature depen-
dent, is used either as a fitting parameter ~MgO! or is ap-
proximated in terms of the linewidth at the zone center di-
rectly measured by Raman spectroscopy (Al2O3).
Sparks et al.12 build on earlier work by Stolen and
Dransfeld.13 Stolen and Dransfeld13 observed, in some alka-
line halides, that the absorption for two-phonon difference
processes does not occur for transitions between longitudinal9 © 2004 American Institute of Physics
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duced general rules for significant transitions in addition to
those allowed by group theory. In the NaCl structure,
Eldridge14 shows that transitions are not allowed at the X
point, but are at the L point. This might be the reason why, in
the Sparks et al.12 model, only the transitions between the
transverse-acoustic ~TA! and transverse-optic ~TO! branches
at the L point are considered. Contributions coming from
other interband processes ~such as those between acoustic
branches or higher-frequency branches! are not considered
although they are not forbidden by the model. Their contri-
bution is assumed to be smaller because either they happen
to be in regions where the density of states is low or they are
sparsely populated at these temperatures ~in the case of
higher bands!.
The theory by Sparks et al.12 is simple. For instance, the
dispersion diagram is assumed to be of the type shown in
Fig. 1. Then, the dispersion is approximated in three dimen-
sions using a spherical symmetric integral 4pk2dk . Such an
approach makes the model applicable only to simple crystal-
line structures, such as the alkaline halides, or also, as in the
case in the present article, to MgO and Al2O3 ~the latter is
assumed to be not highly anisotropic!. These two crystals
have, in the @jjj# direction, a dispersion relation similar to
that of Fig. 1. The symmetry considerations, shown by
Gurevich and Tagantsev6–8 to play a decisive role in the
estimation of the dielectric loss, are replaced by the mea-
sured dispersion relations.
II. THEORIES VERSUS MEASUREMENTS
Comparing theoretical predictions of loss6–8,12 with tan d
measurements is not straightforward because theories assume
defect-free single crystals, whereas the measurements are
performed on real crystals, which are never defect free. De-
fects, impurities, or any other departure from symmetry pro-
FIG. 1. Left-hand side: Schematic representation of the MgO dispersion
diagram along the j, j, j direction showing various phonon branches. Right-
hand side: TA and TO branches have been approximated as straight lines
~see Ref. 12!. The frequency values v i , v j , v f , vm , and vc in @Eq. ~9!#
are 2p times n i , n j , n f , nm , and nc , respectively.Downloaded 27 Mar 2004 to 155.198.17.121. Redistribution subject tduce additional contributions to the losses, sometimes re-
ferred to as extrinsic losses. These contributions are
particularly noticeable at low temperatures in single crystals
and can be readily observed at room temperature in polycrys-
talline materials. Polycrystalline materials are of great inter-
est for their use as dielectric resonators in microwave com-
munications applications. Measurements by Alford et al.15,16
show that the current theories do not properly describe the
losses in polycrystalline materials, since the losses turn out
to be dominated mainly by impurities and processing condi-
tions. Even in high-quality single crystals, the measured
losses are orders of magnitude greater than those predicted
by theory.6–8 However, despite difficulties in their applica-
tion to real materials, we stress that the theories6,7,8,12 provide
a lower limit for the loss.
III. SINGLE CRYSTALS AND POLYCRYSTALLINE
ANALOGUES
In order to estimate the dielectric loss in both single
crystals and polycrystalline ceramics, we have extended the
approximation due to Sparks et al.12 We assume that the fact
that the linewidth g appears explicitly in the formula pro-
vided by the model by Sparks et al.12 allows the determina-
tion of the loss not only in single crystals but also in their
polycrystalline analogues. This is based on the fact that the
main effect induced by extrinsic factors is an alteration of the
lifetime of the thermal phonons rather than a direct absorp-
tion of the microwave photon. Any defect, understood as a
breakdown of symmetry, interferes with the passage of the
thermal phonons. We found experimental evidence for this in
temperature dependent Raman spectroscopy in single crystal
sapphire and polycrystalline alumina ~see Fig. 4!. Note that
the temperature dependence of the linewidth of the Rest-
strahlen mode ~418 cm21! is different in the two cases. Such
a difference is due to the major concentration of extrinsic
factors in the polycrystalline sample. Although these mea-
surements are not performed at the zone boundary but at the
zone center (k50), we assume that the phonons at the zone
boundary are equally affected by the concentration of extrin-
sic factors, such that the linewidth in the single crystal is still
lower than that in the polycrystalline. In the absence of ex-
perimental values for g at the zone boundary in MgO, we
will use g as a fitting parameter to match the experimental
data in single crystal and polycrystalline MgO. We will see
that the order of magnitude for g is reasonable. In Al2O3 , we
will use the Raman measurements of g(T) at the zone center
to estimate the loss in both single crystal sapphire and poly-
crystalline alumina. In this case, we will note that the differ-
ence between their respective values of the linewidth is di-
rectly related to their different loss values.
Apart from the linewidth g of the thermal phonons, the
loss in this model is also a function of another crucial pa-
rameter: The third derivative of the lattice potential (f3). g
and f3 are two key parameters because they are the only
anharmonic parameters appearing in the formula @see Eq.
~9!#. f3 is the third-order variation of the interaction energy
between atoms associated with a displacement of the atoms
from their equilibrium sites. Such a displacement can be per-
formed in several different ways, as many as the number ofo AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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nations of them. Thus, each vibrational mode has its related
value of f3 . f3 can be measured in some cases. For in-
stance, in acoustic modes of long wavelength, the value of
f3 is equal to that of the third-order elastic constants,11
which can be obtained experimentally. In our calculations, to
obtain the losses in MgO and Al2O3 , we require f3 values
related to the TA branch at the zone boundary and to the TO
of lowest frequency at the zone boundary, too. However, as a
first approximation, we use the measured value of the third-
order elastic constant (C111) as an order of magnitude esti-
mate for both modes. In the two crystals under consideration,
the C111 is an order of magnitude greater than the other third-
order elastic constants. Thus, the C111 is considered to be the
dominant one. The C111 for both MgO and Al2O3 has been
measured experimentally.17,18 Unlike the linewidth g, we as-
sume that the C111 does not vary much from the single crys-
tal to its polycrystalline analogue, provided that the material
is not highly anisotropic.
IV. METHODS: EXPERIMENT
The measurements were performed in a manner similar
to that described by Alford et al.16 Single crystals of MgO
and Al2O3 were obtained from ESCETE BV ~Enschede,
Netherlands! in the form of cylinders of 10 mm diameter and
4 mm height. Sintered ceramics of similar dimension were
made in our laboratories from fine MgO or Al2O3 powder.
The powder was uniaxially pressed in a stainless-steel die at
a pressure of 100 MPa and then sintered in air at 1650 °C for
between 1 and 6 h. This was sufficient to obtain a sintered
disk with near theoretical density. The microwave measure-
ments were performed on an Agilent HP8720C Vector net-
work analyzer with 1 Hz resolution using either a 30 mm or
36 mm diameter oxygen free, high-purity, copper cavity. The
height of the cavity was 16 mm. The TE01d fundamental
mode was used for measurement in transmission. This mode
was used because of the achievable high electric energy fill-
ing factor and low conductor losses. The samples were
placed inside the cavity on top of a low-loss quartz support
to further reduce the conduction losses. We also used a small
diameter aluminum oxide post to support the samples. In
order to avoid vibration noise, the support post was glued to
the cavity base and the dielectric resonator was in turn glued
to the support by means of an adhesive ~Opticlean, Dant-
ronix, Platteville!. We were able to make an adjustment to
the dielectric loss by noting the contribution to the tan d of
the adhesive over the temperature range required. The as-
sembly was placed on the cold head of a two-stage Gifford–
McMahon cryocooler ~Cryophysics, Abingdon, U.K.! which
operates over the temperature range of 10 K–320 K. The
frequency, insertion loss, and loaded Q were measured at
small temperature intervals. The radial mode matching
technique19 was used to calculate the relative permittivity er
and loss tangent tan d from these data, as well as the tem-
perature coefficient of resonant frequency. Raman spectra
were taken with a Renishaw Raman microscope ~systemDownloaded 27 Mar 2004 to 155.198.17.121. Redistribution subject t2000!, the excitation source was a 488 nm Ar1 laser, and the
sample was placed on a temperature stage capable of cooling
to 77 K.
V. MODELING THE tan d AT f˜10 GHz AS A
FUNCTION OF TEMPERATURE
The Sparks et al.12 model provides an expression for the
relaxation frequency G of the fundamental Reststrahlen
transverse-optical phonon. In this section, we obtain an ex-
pression for the tan d as a function of G by means of the
classical damped harmonic oscillator model.
Within the model of the additive damped harmonic os-
cillators for an isotropic crystal lattice, the dielectric function
e~V! is given by20
e~V!5e‘1
4pne*2
M r
1
vTO
2 2V22i2vTOGTO~V!
, ~1!
where e‘ is the high-frequency dielectric constant, M r is the
reduced mass of the unit cell, n is the number of cells per
unit volume, e* are the Born effective charges, vTO is the
angular frequency of the zero-wave vector of the TO phonon,
V is the angular frequency of the ac field, and GTO is the
imaginary part of the proper self-energy of the TO phonon
~or also the relaxation frequency!, evaluated at the frequency
V of the electromagnetic radiation.
From expression ~1!, for field frequencies V much lower
than the Reststrahlen frequency vTO , i.e., V!vTO , the
tand is
tan d5
e I
eR
5
e~0 !2e‘
e~0 !
2G
vTO
, ~2!
where eR and e I are the real and imaginary part of the di-
electric constant given by Eq. ~1! and e~0! is eR(V) at V50,
i.e., the static dielectric constant. Under the assumption that
Al2O3 is not highly anisotropic, we will also use the expres-
sion above to relate the tan d and G in Al2O3 .
VI. RELAXATION FREQUENCY G FOR MgO
We now use the Sparks et al.12 model to evaluate the
relaxation frequency GTO , hereafter simply denoted by G. To
be consistent with their notation, let the notation of vTO be
changed to v f . Then, the relaxation frequency is12
G’
2
p
G0F tan21 v f2Vg 2tan21 vc2Vg G , ~3!
where
G05
1.5g~k0 ,V!
2hn1
[G‘~n~v i!2n~v i1V!!
3F k0kBZG
2F vm3v iv j~v f2vc!G3sin2 pk0/2kBZ
~4!
G‘5
pNBhf3
2
6M rM ,M .v fvm
3 .
The frequencies v i , v j , vc , vm , and v f are 2p times the
n i , n j , nc , nm , and n f values shown schematically in Figs.o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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branches have been approximated as straight lines.1 and 2. The wave vector kBZ is also defined there. g is an
average of the linewidth of the two modes with frequencies
vm and vc , respectively. The frequencies v j and v i are
taken to be12
v j5vm1V and v i5vm ~5!
since V!vc . The n(vm)5@exp(\vm /kBT)21#21 is the
Bose–Einstein distribution function. For microwave frequen-
cies, the expression n(v i)2n(v i1V) appearing in Eq. ~4!,
is approximated as12
n~v i!2n~v i1V!’
\V
kBT
n~v i!@n~v i!11# , ~6!
where NB is the number of pairs of branches contributing to
the relaxation, which is NB51 for both MgO and Al2O3 .
The M , and M . are the masses of the nearest-neighbor
atoms, in this case of MgO, those of oxygen and aluminum.
M r is the reduced mass of the unit cell, i.e., M r
215M ,
21
1M .
21
. The k0 is12
k05kBZ ~7!
since V,vc is largely satisfied. The temperature depen-
dence of the third derivative of the lattice potential f3 is
neglected as a first approximation. By introducing the con-
siderations ~5!–~7! into the G expression @Eqs. ~3! and ~4!#,
the following is obtained:
G’
hf3
2
3M rM MgM Ov f
1
vm~vm1V!~v f2vc!
\V
kBT
n~vm!
3@n~vm!11#F tan21 v f2Vg 2tan21 vc2Vg G . ~8!
Now, by recovering expression ~2! for G, the tan d, as a func-
tion of temperature isDownloaded 27 Mar 2004 to 155.198.17.121. Redistribution subject ttan d’
e~0 !2e‘
e~0 !
2hf3
2
3M rM ,M .v f
2
1
vm~vm1V!~v f2vc!
3
\V
kBT
n~vm!@n~vm!11#
3F tan21 v f2Vg 2tan21 vc2Vg G , ~9!
which is the expression to be plotted as a function of tem-
perature. It stands for the contribution to loss tangent in MgO
coming from those two-phonon difference processes between
the TA and TO branches in the @jjj# direction in k space. All
of the input values are given in Table I. As stated above, the
values of the third derivative f3 of the lattice potential are
assumed to be equal to the measured third-order elastic con-
stant C111 .11 In Ref. 21, the f3 values are determined using
a numerical method. For MgO, we use the value for C111
measured by Bogardus ~see table VIII in Ref. 17! in single
crystal MgO. The corresponding values for vc , vm , and v f
are extracted from the phonon dispersion relation along the
@jjj# direction reported by Bilz et al.22 Masses are derived
from the atomic weight of 23.4 for Mg, 16 for O. The re-
duced mass (M r) of the MgO unit cell was calculated as
M r
215M Mg
211M O
21
. The static and high-frequency dielectric
constants e~0! and e‘ are approximately 9.8 and 2.9.23 In Eq.
~9!, we use g at room temperature as a fitting parameter to
match the loss tangent measurements in both single crystal
and polycrystalline MgO.
VII. RELAXATION FREQUENCY G FOR Al2O3
In sapphire, we consider the measured dispersion rela-
tion in the direction of three-fold symmetry.24 The corre-
sponding dispersion diagram is approximated as in Fig. 2.
The Sparks et al.12 model provides, in this case, a formula
similar to Eq. ~9!. Input values are given in Table I.
For the value of f3 , we use the value of the third-order
elastic constant C111 measured by Srinivasan et al.18 on poly-o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Parameter MgO Al2O3
vm : Frequency of the transverse acoustic phonon
at the Brillouin zone boundary.
2p312.831012 Hz 2p311.331012 Hz
vc : Gap between the optical mode and the acoustic
mode at the zone boundary.
2p30.531012 Hz 2p34.631012 Hz
v f : Reststrahlen frequency. 2p31231012 Hz 2p312.531012 Hz
V: Frequency of the ac field. 93109 Hz 8.23109 Hz single crystal
93109 Hz polycrystalline
e~0!: Static permittivity. 9.8 11.6
e‘ : High-frequency permittivity. 2.95 3.0
f3 : Third derivative of the lattice potential. 24.931012 J m23 24.631012 J m23
M Mg/Al : Mass of Mg/Al M Mg54.03310226 kg M Al54.48310226 kg
M r : Reduced mass. 1.6310226 kg 3.17310227 kg
g: Linewidth of the phonons at the zone boundary. Fitting parameter in single crystal
and polycrystalline MgO.
A51.5131011 Hz, B522.223106 Hz K21,
and C52.273105 Hz K22 for single crystal.
A51.21531011 Hz and B52.53108 Hz K21 for polycrystalline.crystalline Al2O3 . The frequency values v f , vc ,and vm are
taken in this case from those reported by Bialas et al.24 along
the direction of three-fold symmetry. Masses are derived
from the atomic weight of 16 for O and 27 for Al. For
Al2O3 , where there are four aluminum and six oxygen atoms
per unit cell, the reduced mass M r is calculated as the sum of
the reciprocals of all atom masses, i.e., M r
2154M Al
21
16M O
21
. The high-frequency and static dielectric constants
are 3.0 ~Ref. 23! and 11.6.25 The values of the linewidth
g(T) at the zone boundary are estimated in terms of the
measured g(T) at the zone center ~see Fig. 4!. Note from
Fig. 4 that g(T) in sapphire can be approximated as a qua-
dratic function of temperature; g(T)5A1BT1CT2,
whereas in alumina, a linear regression g(T)5A1BT is suf-
ficient. The values of A, B, and C, in both single crystal
sapphire and polycrystalline alumina, are given in Table I.
FIG. 3. tan d as function of temperature in single crystal and polycrystalline
MgO at 9 GHz. The linewidth g at room temperature is used as a
fitting parameter.Downloaded 27 Mar 2004 to 155.198.17.121. Redistribution subject tVIII. RESULTS AND DISCUSSION
A. MgO
The slopes of the tan d measured as functions of tem-
perature of single crystal and polycrystalline MgO in the
70–300 K temperature range show different T dependences
as can be seen in Fig. 3. Losses in the polycrystalline sample
increase more rapidly with T. This difference in behavior is
due to extrinsic factors, such as impurities, random grain
orientation, defects, etc. We interpret both slopes in terms of
Eq. ~9!, where g is used as a fitting parameter ~see Fig. 3!.
The temperature dependence of g is not included. Only the
value at room temperature is considered. This is the reason
why the theoretical curves are straight lines rather than
monotonic functions of the temperature. In Fig. 3, note that
for a value of g546 cm21, the model gives the right order of
magnitude of the measured loss in polycrystalline MgO at
room temperature. For a value of g510 cm21, the formula
gives the correct value of the measured loss in single crystal
MgO. These values need to be compared to those in litera-
ture. For instance, in Si, the linewidth of the lowest TO mode
at room temperature is between 7 and 18 cm21 depending on
the point at k space.26 In Ge, it ranges26,27 from 3 to 13 cm21.
In LiF, it12 is 37 cm21. On the other hand, from Eq. ~2.18! in
the Sparks et al. paper,12 one can estimate the value of the
linewidth in MgO at room temperature from a linear scaling
of the value of the linewidth in NaCl. Using this method, one
obtains g549 cm21. Note that the obtained g values by fit-
ting are of the same order of magnitude. However, we do not
know whether the increase of g510 cm21 to g546 cm21
from the single crystal to the polycrystalline is realistic.
B. Al2O3
From temperature dependent Raman spectroscopy in the
single crystal Al2O3 , we obtained g(T)5A1BT1CT2 foro AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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3104 Hz K21, and C52.273105 Hz K22. For polycrystal-
line Al2O3 , we obtained g(T)5A1BT with A51.215
31011 Hz and B50.253109 Hz K21 ~see Fig. 4!. When
these data are substituted into Eq. ~9!, we obtain the results
plotted in Fig. 5. Note that at room temperature, the theory
gives the measured loss in both single crystal sapphire and
polycrystalline alumina. We consider this to be a satisfactory
result. At room temperature, the difference in loss from the
FIG. 4. Temperature dependence of the linewidth of the 418 cm21 mode
~Reststrahlen mode! in single crystal and polycrystalline Al2O3 obtained
from temperature dependent Raman spectroscopy. Polynomial fit g˙ (T)5A
1BT1CT2 in the single crystal and linear fit g(T)5A1BT in the poly-
crystalline. The values of the parameters are given in Table I.
FIG. 5. The measured tan d as function of temperature in single crystal
Al2O3 at 8.2 GHz and polycrystalline Al2O3 at 9 GHz together with the plot
of Eq. ~9! for different values of the linewidth g measured by Raman spec-
troscopy.Downloaded 27 Mar 2004 to 155.198.17.121. Redistribution subject tsingle crystal sapphire to polycrystalline alumina is well re-
produced by the model. Note that the experimental curve for
the loss in polycrystalline alumina has a particular shape ~es-
pecially at low temperatures! that cannot be reproduced by
Eq. ~9!. This suggests the existence of extrinsic mechanisms
of absorption in which the Reststrahlen phonons are not in-
volved. Also note that the exact temperature dependence of
the loss in both alumina and sapphire is not well reproduced
by the theory. This can be easily attributed to the great sim-
plicity of the model ~mainly due to the fact that the density
of states is not directly taken into account!,12 which is only
expected to give an order of magnitude estimate of the mea-
sured loss.
IX. SUMMARY AND CONCLUSIONS
The temperature dependence of the tan d in both single
crystal and polycrystalline MgO and Al2O3 was examined in
the temperature range of 70–300 K. In order to model these
results, we have used a theory developed originally by
Sparks et al.12 to describe microwave absorption in alkaline
halides in terms of two-phonon difference processes. There
are two key parameters in this theory: The third derivative
f3 of the lattice potential and the linewidth g of the thermal
phonons. We extended the theory to certain oxides with dis-
persion relations similar to those of the alkaline halides in
order to describe the contribution of the TA–TO transitions
at the L point in k space to the dielectric loss at microwave
frequencies.
We assumed that the main effect brought by the extrinsic
factors present in both single crystals and polycrystalline
analogues was to increase the linewidth of the thermal
phonons. Experimental evidence for this was provided by
Raman spectroscopy on single crystal and polycrystalline
alumina in the temperature range of 77–300 K, where the
linewidth of the Reststrahlen mode in single crystal sapphire
exhibited a different temperature dependence than that ob-
served in polycrystalline alumina. However, these measure-
ments were performed at the zone center (k50) rather than
at the zone boundary, where they may be lower.26,27
In the case of MgO, we used g in Eq. ~9! as a fitting
parameter to describe the loss in both single crystal and poly-
crystalline MgO. As a fitting parameter, g turned to be in the
right order of magnitude, i.e., a few cm21, although their
exact values should be checked in future experiments.
In Al2O3 , as a first approximation we used the measured
values of g(T) at the zone center. In this case, the theoretical
expression does not contain any adjustable parameter and
gives the right order of magnitude of the measured loss in
both sapphire and alumina in the 70–300 K temperature
range. At room temperature, the agreement is excellent in
both cases. The difference in loss from the single crystal to
the polycrystalline is well explained in terms of the differ-
ence between the respective values of the linewidth. Thus,
the main conclusion to be drawn is that the theory by Sparks
et al.,12 together with the measured values of the linewidth,
gives a unified explanation of the microwave losses in both
single crystal sapphire and polycrystalline alumina.o AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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